1 A three-dimensional computer model has been developed for the simulation of combustion process, temperature fields and concentration species in the work section of industrial cyclone-calciner furnace. The RANSapproach with different turbulence models for modeling was used. Simulation results obtained with the model are compared with industrial furnace data. The results obtained with the computer model have important effects on the predicted temperature distribution in the furnace as well as on other significant design parameters for future theoretical and industrial research.
Introduction
Turbulent combustion is the basis of many different industrial processes. These processes are used in a wide range of material processing industries, of which lime production is the most important.
Currently, lime is produced by limestone calcining in furnaces of various designs: shaft furnaces, rotary kilns, fluidized bed furnaces, and cyclone furnaces. Temperature is a crucial mode for operation of these furnaces and all the technical and economic performance of their work. The performance of the furnace systems deployed for fuel combustion is strongly dependent on the applied set-up, such as: furnace geometry, configuration of burner, composition of fuel and gas-air flows too.
For a long time, the industrial furnaces design was performed on the basis of empirical equations and physical experiments. This approach is very expensive and inaccurate, needed a lot of time for experimental studies. In addition, technological calcining process is a complicated dynamic object characterized by a large number of functionally related variables. 1 Lviv Polytechnic National University 12, S. Bandera St., 79013 Lviv, Ukraine * havrilivroman@gmail.com © Havryliv R., Maystruk V., 2017 Under such circumstances, the analysis of its dynamic properties often becomes possible only by using numerical modeling methods. Among the modern methods of numerical modeling, the CFD-methods are prevalent.
Computational fluid dynamics (CFD) simulations provide a much better insight into industrial combustion systems than any other technologies of modeling or measurements. It is possible to get information on temperature distribution, species concentrations, velocity distribution, heat transfer and the mixture of fuel and oxidizing fluid. Thus it is possible to see and solve potential problems even before combustion systems are constructed or in operation. However, it is necessary that the proposed model adequately describes the combustion process in the furnace.
In this article the investigation results of cyclone furnace calciner are presented. The present work is a step towards modeling the cyclone furnace used by "Pustomyty lime plant" (Pustomyty, Ukraine). The main focus is on the development of combustion model which adequately describes the temperature field in the working area of the apparatus and can be used in future studies to optimize the existing installation and analysis.
Experimental

Materials and Methods of CFD-Modeling
The gas-solid flow in cyclone furnace used by "Pustomyty lime plant" in Ukraine has been analyzed in a previous work [1] . The results obtained from CFD simulations were used to optimize furnace work. Experimental validations at the plant later confirmed that the results from simulations were indeed very effective and helped to improve the aerodynamics of the apparatus. However, there are many important questions which remain to be answered.
The main question concerns the impact of the new regime apparatus which is proposed in [1] on the temperature field and particles calcinations process. To answer this question, the combustion computer model that will make it possible to evaluate temperature field in the apparatus must be developed.
Currently hydrodynamics modeling of the vortex gas flows in the apparatus of different designs based on CFD-modeling are widely studied [2, 3] . ANSYS Fluent version 15 was used in this study to perform the simulation of the combustion process in the industrial cyclone-calciner furnace.
Firstly, based on the drawings of the industrial furnace, geometric model of the internal flows of the apparatus was built. Then by means of the mesh generator a computational mesh was created for this model. The resulting mesh contains 157985 Nodes and 847224 Elements. All geometric transformations were done in a software module Design Modeller, and the mesh was created in ANSYS Meshing. Modelled cyclone-calciner furnace is shown in Fig. 1a , b. The calcinations processes take place in the work zone 1 of the furnace, consisting of a 0.8 m diameter cylinder with 4.4 m height and the combustion processes take place in a conical section 2.
Air is introduced into the calciner in two places. The primary air flow enters the burner 3 through the pipe 4 and additional flows enter the conical part of the calciner-furnace via two pipes 5 tangentially. The additional flows are inlet in the conical part of the calciner through the blades 9 where air creates a swirling of the flow. This mode of the furnace was described in [1] and called an additional mode of the apparatus.
The fuel (methane) enters the burner through the inlet tube 6, which has a circular shape. Natural gas and air run into a burning chamber and are mixed up. In the burner, the burnt fuel and gases are derived through a conical section 2 and cylindrical section 1. In this type of furnace, the GGB-MGP-200 burner is used.
The CaCO 3 particles are introduced to the conical section of the work zone through the tube 7 in central part of the calciner-furnace. The products such as calcined CaO solids, CO 2 , and other gases go out through the outlet tube 8 with a diameter of 0.485 m. The total furnace volume is 3.4 m 3 .
In this study the mode without burning of limestone particles has been tested. Air enters into the burner through the pipe 4 only and the fuel (methane) enters into the burner through the inlet tube 6. This mode is used to preheat the furnace.
All the geometric data and the initial and boundary conditions were supplied by "Pustomyty lime plant" (Ukraine). 
Model Description and Boundary Conditions
To simulate the diffusion methane-air combustion in a turbulent flow, two approaches in Ansys Fluent 15 were used. First, the most popular approach is eddydissipation model based on the work of Magnussen and Hjertager [4] . It is a turbulent-chemistry reaction model where the reaction rate will be determined assuming that turbulent mixing is the rate-limiting process with the turbulence-chemistry interaction modelled.
The combustion will be modelled using a global one-step reaction mechanism assuming complete conversion of the fuel (methane) to CO 2 and H 2 O. This reaction will be defined in terms of stoichiometric coefficients, formation enthalpies, and parameters that control the reaction rate. This mechanism gives the average value of enthalpy and is applicable to estimate the distribution of the main products of combustion (CO 2 , H 2 O) and temperature fields. Its advantage is simplicity and maximum simulation rate.
The second approach uses the Non-Premixed combustion model [5] . This model was used because the fuel as well as the oxidizer enters the burner of calciner furnace in different distinct streams. This software model simplifies the thermochemistry associated with this type of combustion through the use of the mixture fraction. This fraction is the mass fraction of the burnt and unburnt fuel elements in all of the species present. This is an important technique because atomic elements are conserved during the reaction process, and the governing transport equation does not have a source term. Through the simplification of using the mixture fraction, closing non-linear mean reaction rates are no longer necessary since this is simply a mixing problem. The chemistry was modelled in the Chemical Equilibrium Model. This model allows including the effects of intermediate species as well as dissociation reactions, which creates a realistic approximation of the flame temperature.
Fluid flow will be modelled using the continuity (1), Navier-Stokes (2) and (3) energy equations shown below [6, 7] :
For an incompressible fluid flow ρ = 0 and taking into account the internal friction Newton's law (1) and (2) equations are:
where ρ − density; u − velocity; τ − stress tensor; p − static pressure; F − external body force; c P -heat capacity at constant pressure; T -local temperature of flow; Eenergy dissipation; q -specific local heat flux; q T -an additional source of heat (for example by chemical reaction); ν -kinematic viscosity of fluids.
There are the basic equations of hydrodynamics which represent the basic model of the medium flow [8] . Eq. (5) is the Navier-Stokes equation and for the Newtonian fluid in Cartesian coordinate system it can be written as: 
where μ -dynamic viscosity; i u′ and i u′ -are the mean and fluctuating velocity components and δ ij -delta function or the Kronecker delta. Eqs. (7) and (8) There are several approaches available in literature [12] for solution of the Reynolds stresses. Commonly used Boussinesq hypothesis [13] to relate the Reynolds stresses in which the Reynolds stress term is replaced by the product of the turbulent viscosity (which is a property of the fluid flow) and the mean velocity gradients:
This approach is associated with the computation of the turbulent viscosity μ t and the turbulence kinetic energy k.
Turbulence modeling is probably the most unresolved problem in classical physics. It is an unfortunate fact that no single turbulence model is universally accepted for all classes of problems. The choice of turbulence model will depend on considerations such as the physics of the flow, the established practice for a specific class of problem, the level of accuracy required, the available computational resources, and the amount of time available for the simulation.
The Boussines hypothesis is used in the SpalartAllmaras model, the k-ε models, and the k-ω models. These models of turbulence are implemented in the Ansys Fluent 15. Differences between these models are the method of determining μ t [14] .
Analysis of furnace design, 3-D model, mesh quality, fluid flows and operating modes show that the k-ε turbulence models group can be used in this study. This type of model is used to solve many engineering problems in CFD-modeling. Ansys Fluent 15 provides three types of k-ε models: Standard, RNG, and Realizable k-ε models [15] .
The standard k-ε model presented in ANSYS Fluent was proposed by Launder and Spalding [16] . The k-ε model is based on the eddy-viscosity (turbulent viscosity) concept and defines μ t as:
The turbulence kinetic energy k and its rate of dissipation ε are obtained from the following transport equations: (12) where G k -the generation of turbulence kinetic energy due to the mean velocity gradients; G b -the generation of turbulence kinetic energy due to buoyancy; Y M -the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate; C 1ε , C 2ε , C 3ε -constants; σ k and σ ε -the turbulent Prandtl numbers for k and ε, respectively; S k , S ε -user-defined source terms.
The model constants are: C 1ε = 1.44; C 2ε = 1.92; C µ = 0.09; σ k = 1.0; σ ε = 1.3
The standard k-ε model is one of the most widely used turbulence models due to its simplicity and applicability in a modeling range of turbulent flows. A disadvantage of this model is that it does not give satisfactory results for flows involving swirl, rotation, streamline curvature, and splitting of the streamlines. It is mainly due to the eddy viscosity concept used by this model, which assumes the Reynolds stresses to be isotropic. Nevertheless, for CFD modeling this k-ε model has been selected. This approach has an advantage -it is less computationally expensive compared to other k-ε turbulent models and for comparing, the simulation results will be used.
The RNG model has a similar form to the standard model [14] . The use of additional restrictions and conditions suggests swirl and low-flow, suitable for complex flows with a transverse velocity gradient, including rapid deformation, reasonable and nonstationary flow vortices.
These features make the RNG model more accurate and reliable for a wider class of flows than the standard model. (14) The new components compared to Eqs. (13) and (14) are: μ eff -effective viscosity, a k , a ε -the inverse effective Prandtl numbers for k and ε, respectively. The model constants are: C 1ε = 1.42 and C 2ε = 1.68.
The RNG k-ε model works well for high Reynolds number flows as well as flows in the transition region and gives improved prediction for flows involving swirl in comparison to the standard k-ε model.
The "Realizable" k-ε model contains a new formulation for the turbulent viscosity and a new transport equation for the dissipation rate ε, that is derived from an exact equation for the transport of the mean-square vorticity fluctuation [14] . It eliminates the possibility of unrealistic values of normal stresses from occurring in highly strained flows. For the estimation of turbulent viscosity C μ it is treated as variable. The variable form of C μ is a function of the local strain rate and rotation of the fluid. An immediate benefit of the "Realizable" k-ε model is that it provides improved predictions for flows involving rotation, separation, and recirculation. (16) In these equations, C 2 and C 1ε are constants (C 2 = 1.9; C 1ε = 1.44); σ k and σ ε -the turbulent Prandtl numbers for k and ε, respectively (σ k = 1; σ ε = 1.2). S k and S ε are user-defined source terms the same as in previous models. But C µ is not constant and is a function of the mean strain and rotation rates, the angular velocity of the system rotation, and the turbulence fields (k and ε).
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For CFD-modeling gas flows and combustion processes in the cyclone furnace, three types of turbulence models were used with combustion models. Solution of the differential equations by finite volumes method was performed. The system of differential equations was supplemented by relevant boundary conditions. The boundary condition is the setting for the inlet, wall and outlet. Operation modes of the furnace are: inlet air 20 m/s; inlet gas 7 m/s.
To set up the calculation module, the following assumptions were used:
1. The working volume of the furnace is a mixture of gases (oxygen, nitrogen, fuel, waste products).
2. The heat exchange between the environment and the wall is missing (the walls are "adiabatic").
3. The thermal radiation from the wall in the volume of gas is simulated by the model of discrete ordinate at a constant temperature of 1000 K.
For the Non-Premixed combustion model single mixture fraction probability function (PDF) was used (Fig.  2) . The fuel composition in mole fractions of the species CH 4 , C 2 H 6 , C 3 H 8 , C 4 H 10 , and CO 2 is presented in Table 1 . For all inlet flows temperature was set as 300 K.
The oxidizer (air) consists of (vol %): O 2 -21 and N 2 -79.
SIMPLE-based approach was used for pressurevelocity coupling scheme. The solution was simulated until convergence was achieved. Approximately 1500 iterations were performed for the case based on the EddyDissipation combustion model and 4500 iterations for the case based on the Non-Premixed combustion model. 
Results and Discussion
The simulation results from the application of the mathematical models described in the section 2.2 are presented in this section. The results are mainly given in terms of trajectory flows, velocity contours, temperature, and species concentration profiles.
The gas flow distribution and velocity within the cyclone furnace are shown in Figs. 3 and 4 for the both cases based on the "Realizable" k-ε turbulence models. Case (a) is for Eddy-Dissipation combustion model and case (b) is for the Non-Premixed combustion model. For other types of turbulence models, character of change trajectory flows and velocity distribution are similar.
A large recirculation zone is predicted by all the turbulence models in the conical part of the furnace. The recirculation zone starts from the burner zone and expands to conical section 2 of the furnace and to the central tube. This recirculation zone is formed due to the inlet fuel gas in the furnace through the burner blades where air creates a swirling of the flow. In cylindrical working zone recirculation is low and gases flow to the exit around the central pipe. As it can be seen in Fig. 4 , the velocity contours are dissimilar. Near the walls there are areas of high velocity. Calculated maximum flow velocity near the walls in some areas of the furnace is about 15-18 m/s. At the exit of the furnace as averaging the square of the velocity is of about 37 m/s for case (a) and of about 19 m/s for case (b). This is because the gas flow moves spirally. This fact needs attention and is associated with the burner geometry. Probably the burner design must be optimized.
The gas temperature distribution in a vertical cross section through the furnace is shown in Figs. 5 and 6 for the both combustion models, respectively. The high-speed hot combustion gases from the burner zone in conical furnace section flow up to the cylindrical working zone.
This causes higher temperatures in the upper part of conical furnace section that are greater than those predicted for the proposed configuration and operation mode. The uneven mixing also leads to a highertemperature bias towards the right side as the gas leaves the conical section.
A more extended higher-temperature zone is predicted with the Eddy-Dissipation combustion model. For all the cases of turbulent models with the EddyDissipation combustion model the lower temperatures in a small region close to the burners and higher temperatures further away from the burner are observed.
In order to quantify those differences, vertical temperature profiles in the same vertical cross section are shown in Fig. 6 for the Non-Premixed combustion model. evolution with the Eddy-Dissipation combustion model and the temperature difference between the two models is decreased with height. The maximum temperature predicted with the Eddy-Dissipation combustion model is about 2400 K whereas the maximum temperature predicted with the Non-Premixed combustion model is about 2100 K. The temperature differences of up to 900 K are predicted in the region between the conical and cylindrical furnace sections.
In the center of the furnace, where the outlet particles of the central tube are located, a clear local minimum in the flue gas temperature is observed. It is good for the lime calcinations process when particles fall into the low temperature zone and are heated.
It is very important to notice the temperature profile in working zone with the furnace height. The flue gas temperature distribution in the work zone is very important because it is an important factor determining the lime calcinations processes. Due to the high residence time of the flue gas in the working zone and the flow pattern in the furnace shown in Figs. 3 and 4 , the temperature contour in a vertical cross section through the cylindrical furnace section predicted with the two combustion models remains approximately constant for each model, respectively (see Figs. 5 and 6 ). On the contrary, the temperature contour in the conical furnace section outside of the working zone predicted with the two combustion models is very different. This is because the effect of the recirculation has a strong influence on the temperature values in the conical furnace section, where the burner outlet is located. From Figs. 5 and 6 it can be observed that the temperatures in the conical section are very high, since turbulent combustion is dominated at this region and the reactions occur where mixing is high. It is shown that the temperature evolution with the Non-Premixed combustion model lags the temperature Theoretical excess ratio by volume according to a mathematical model is 1:11.5. Based on the actual data for this type of burner air excess ratio by volume is in the range of 1:11.5 to 1:12.6. Under working conditions, the flame length and uniformity of heating are regulated by changing the excess ratio.
The temperature differences predicted with the two combustion models suggest different fuel combustion rates. The concentration profiles of the fuel component (СН 4 ) in the same cross section where the temperature profiles have been presented are shown in Figs. 7 and 8 . The results are presented in the same manner as previous results: Fig. 7 is for Eddy-Dissipation combustion model and Fig. 8 is for the Non-Premixed combustion model. It is readily noticed that combustion progress for methane is slower in the case of the Eddy-Dissipation combustion model, leading to larger flames when this model is used. Similar results are obtained for the concentration profiles of the major combustion products, namely CO 2 and H 2 O. The concentration of CO 2 and its distribution in the furnace will be considered during the calcination reaction simulation in the future study.
The distributions of CO concentrations deserve special attention. They are calculated based on NonPremixed combustion model and are shown in Fig. 9 .
The process of carbon monoxide combustion is almost complete at the end of conical furnace section indicating that the correct air excess ratio and the correct height of this section were designed.
The experimental measurement of temperature in the furnace was carried out by five sensors located at the apparatus shown in Fig. 10a .
The temperature measurement at the furnace conical section above the burner was not possible and therefore the comparison of the temperature distribution in the furnace with the practical data received on the basis of these 5 measurement points are shown in Fig. 10b .
The distribution of temperatures averaged over the cross section shown in Fig. 10b and calculated on a model Non-Premixed (case 2), showed satisfactory agreement with the practical data that confirms the fundamental picture of the temperature distribution in height, depth and width of the furnace.
These graphs show that the calculation results based on the Non-Premixed combustion model are the closest to the experimental data with "Realizable" k-ε turbulence model. The maximum relative error is about 14 % for point 1. For other points, the maximum relative error varies in the range from 6 to10 %. 
Conclusions
In this study, a comprehensive comparison of turbulence models and combustion models for cyclonecalciner furnace was conducted. 3-D field of temperatures in the reaction zone and in the whole system volume, concentration species distribution, and the length of the torch were obtained.
The simulation results were analyzed and validated with the experimental data. The experimental data are in good agreement with the field tests results of the device for the Non-Premixed combustion model with "Reali-zable" k-ε turbulence model. In these points, the error in the calculation of temperature is not more than 10% in all the calculation options.
The developed computer model provides very important results for better understanding of the complex processes occurring within the furnace and can be a baseline for future modeling of pollutant emissions and limestone calcination processes. The simulation results of calcination reaction based on this model will be presented in the following studies.
